Englund EK, Elder CP, Xu Q, Ding Z, Damon BM. Combined diffusion and strain tensor MRI reveals a heterogeneous, planar pattern of strain development during isometric muscle contraction. Am J Physiol Regul Integr Comp Physiol 300: R1079 -R1090, 2011. First published January 26, 2011 doi:10.1152/ajpregu.00474.2010.-The purposes of this study were to create a three-dimensional representation of strain during isometric contraction in vivo and to interpret it with respect to the muscle fiber direction. Diffusion tensor MRI was used to measure the muscle fiber direction of the tibialis anterior (TA) muscle of seven healthy volunteers. Spatial-tagging MRI was used to measure linear strains in six directions during separate 50% maximal isometric contractions of the TA. The strain tensor (E) was computed in the TA's deep and superficial compartments and compared with the respective diffusion tensors. Diagonalization of E revealed a planar strain pattern, with one nonzero negative strain (ε N) and one nonzero positive strain (ε P); both strains were larger in magnitude (P Ͻ 0.05) in the deep compartment [εN ϭ Ϫ40.4 Ϯ 4.3%, εP ϭ 35.1 Ϯ 3.5% (means Ϯ SE)] than in the superficial compartment (ε N ϭ Ϫ24.3 Ϯ 3.9%, εP ϭ 6.3 Ϯ 4.9%). The principal shortening direction deviated from the fiber direction by 24.0 Ϯ 1.3°and 39.8 Ϯ 6.1°in the deep and superficial compartments, respectively (P Ͻ 0.05, deep vs. superficial). The deviation of the shortening direction from the fiber direction was due primarily to the lower angle of elevation of the shortening direction over the axial plane than that of the fiber direction. It is concluded that three-dimensional analyses of strain interpreted with respect to the fiber architecture are necessary to characterize skeletal muscle contraction in vivo. The deviation of the principal shortening direction from the fiber direction may relate to intramuscle variations in fiber length and pennation angle.
MANY TREATMENTS OF muscle-tendon mechanics assume that a muscle's fibers shorten along their longitudinal axes in a spatially uniform manner and that tendons and aponeuroses undergo an equal-magnitude, spatially uniform lengthening (12, 53) ; however, recent studies have demonstrated additional complexity during in vivo contractions. Fiber rotation during contraction causes shortening velocities of aponeuroses to exceed those of muscle fibers, a "gear ratio" effect that decreases as a function of contraction intensity (2, 6) . MRI data have revealed spatially heterogeneous strain patterns in muscle tissue during contraction (38, 43, 55) that may result from nonuniformity in fiber length and curvature (4) and/or spatial variability in the distribution or material properties of tissues involved in myofascial force transmission (31, 51, 52) . Nonuniform fiber lengths and curvature may also lead to shear strain across and between muscle fibers (4) . Other MRI data have demonstrated strain heterogeneity along the superficial and deep aponeuroses of the soleus muscle (16, 26, 43) , implying a spatially variable gear ratio (43) . Finally, muscles operate under a constraint of almost complete volume preservation during contraction (3); therefore, if a muscle shortens in one direction, it must expand in at least one other direction. Collectively, these findings indicate that the intramuscular patterns of strain development during contraction are multidimensional and spatially heterogeneous and, thus, require characterization with reference to the local fiber geometry using imaging methods that have threedimensional (3D) sensitivity.
Phase-contrast (14, 15) and spatial-tagging (54) MRI are methods for quantifying the strain characteristics of muscle in vivo. While phase-contrast techniques have excellent spatial resolution, the acquisition of a full data set may involve as many as 50 contractions per motion-encoding direction. To avoid subject fatigue, studies are restricted to low contraction intensities and/or characterize motion in a single direction only (38, 43, 44) . In spatial-tagging MRI, the tissue magnetization is saturated in a spatially dependent manner prior to acquisition of a series of images, resulting in a line or grid pattern of "tags" (areas of low signal intensity) in each image. Tissue displacement during the image acquisition period is revealed as the interimage motion of the tags. Spatial-tagging methods can accurately portray tissue displacement in any direction (50) . Moreover, only a single contraction is required to acquire one motionencoding direction of spatially tagging data; therefore, higher-intensity contractions and/or more motion-sensitized strain directions can be studied. Strain-mapping methods for spatial-tagging MRI that are based on distance measurements between manually detected tag positions may be more subjective and time-consuming than the methods employed in the analysis of phase-contrast MRI and have a spatial resolution that is limited to the intertag distance. An alternative approach, harmonic phase analysis (37) , provides pixel-wise spatial resolution of strain by investigating the phase information of the tagged image; however, this analysis method may be confounded in skeletal muscle because of the presence of an internal aponeurosis, which creates lines of signal dropout in the image unrelated to the tagging sequence.
Analyses of skeletal muscle strain with respect to an external, arbitrary frame of reference have limited applicability, however, since muscle architecture may vary within muscles (21, 23, 28, 42) , between muscles (46, 47) , and between individuals. In the tibialis anterior (TA) muscle, the fibers in the superficial and deep compartments originate on the crural fascia and tibia, respectively, and project inferiorly and centrally to insert onto a central aponeurosis. Within each compartment, the fibers are consistently oriented in the laboratory frame of reference (28) . However, variations in muscle shape and aponeurosis orientation cause intramuscular heterogeneity in fiber length and pennation angle (21, 23, 28) . These architectural patterns can be quantified in vivo using diffusion tensor MRI (DT-MRI). DT-MRI identifies the principal direction of water diffusion, which is collinear to the longitudinal axis of skeletal and cardiac muscle fibers (8, 11, 24, 40) . By combination of DT-MRI measurements of the direction of greatest diffusion throughout the muscle with appropriate data-processing methods, a whole muscle's architecture can be reconstructed and quantified in 3D (11, 20 -22, 28) .
In this study, we used spatial-tagging MRI to measure linear strains in six directions due to submaximal isometric contraction of the TA muscle. Computation of a strain tensor and its comparison with the diffusion tensor in the same region of muscle were used to test the hypothesis that the direction of principal shortening would differ from the principal fiber direction. We also conducted an exploratory analysis of the direction of principal elongation and its relationship to the diffusion tensor. Finally, we tested for compartment-specific variations in the strain patterns.
METHODS

Subjects
Seven healthy subjects (4 men) participated in the study; their descriptive characteristics were as follows (means Ϯ SD): 23.6 Ϯ 3.3 yr old, 168.4 Ϯ 12.7 cm height, and 76.1 Ϯ 20.5 kg body mass. The study was approved by the Vanderbilt University Institutional Review Board, and all subjects provided written informed consent prior to participation.
Experimental Protocol
Each subject came to the laboratory for an orientation session and a testing session. During the orientation session, the study procedures were explained and each subject completed a health history questionnaire to ensure that he/she had no known history of physiciandiagnosed disease. The subject then lay supine on an exercise bench, to which an MRI-compatible isometric exercise device was secured. The subject's self-reported dominant foot (in all cases, the right foot) was placed in the exercise device, and a strap was placed over the metatarsal bones. The subject performed two or more 3-s, isometric maximal voluntary contractions (MVCs) of the dorsiflexor muscles. During each contraction, the largest force range was recorded. This procedure was repeated until two of the force ranges were within 5% of each other; the MVC was recorded as the higher of the two. The subject then practiced submaximal isometric dorsiflexion contractions at 50% MVC.
On the testing day, the isometric exercise device was bolted to a grid plate on the patient bed of the imager. The subject lay supine with the foot in the exercise device. A radiofrequency coil was placed around the leg. To minimize gross movement of the leg, foam pads were packed around the leg in the coil and the subject's thighs were strapped to the patient bed. Structural and diffusion-weighted MRI data sets were acquired. Then the subject performed twelve to fifteen 15-to 20-s isometric dorsiflexion contractions at 50% MVC while spatially tagging data were acquired.
Data Acquisition
Force. The force acquisition system has been previously described (35) . Briefly, the isometric exercise device contained a load cell, the signals from which were differentially amplified, conditioned using a bridge circuit, digitized at 1,000 Hz, and recorded by an in-house written LabVIEW version 7.1 (National Instruments, Austin, TX) program. Real-time, 20-Hz visual feedback concerning relative force production was provided in the form of a simulated light panel on a computer screen during contractions performed in the laboratory and on a pair of MRI-compatible goggles during contractions performed in the MRI scanner.
MRI acquisition: general. Imaging data were obtained with a 3-T magnetic resonance imager (Intera Achieva, Philips Medical Imaging, Best, The Netherlands) and an eight-channel phased-array knee coil (Philips Medical Imaging). The subject lay supine, with the foot strapped into the isometric exercise device; the maximum girth of the TA was centered in the knee coil. Three-plane, gradient-echo scout images were acquired to determine the superior extent of the TA's central aponeurosis. Subsequent images were acquired with their center 2 cm inferior to this point.
Structural images. T i-weighted images were acquired in all three standard anatomic planes using repetition time (TR)/echo time (TE) ϭ 500/16 ms, three slices (sagittal and coronal) or five slices (axial) with slice thickness ϭ 7.1 mm, field of view (FOV) ϭ 179 ϫ 179, number of excitations (N Ex) ϭ 2, and acquired matrix ϭ 128 ϫ 128 (reconstructed at 256 ϫ 256).
DT-MRI. Diffusion-weighted images were acquired over five axial slices using a pulsed-gradient spin-echo echo-planar imaging sequence with the same offsets and FOV as the other axial acquisitions, TR/TE ϭ 5,000/46 ms, N Ex ϭ 4, diffusion encoding in 15 directions with a diffusion weighting (bϪ) value of 450 s/mm 2 , and one b ϭ 0 s/mm 2 image. Spatially tagged images. Spatially tagged images, consisting of 2 series of 20 dynamically acquired images, were acquired using a binomial spatial-tagging sequence employing a single-shot, gradientecho readout and TR/TE ϭ 10 s/22 ms with an acquired matrix of 128 ϫ 116 (reconstructed at 128 ϫ 128) and FOV ϭ 179 ϫ 179. Single-shot images were used to decrease the total number of contractions the subjects had to perform; each image acquisition required 70 ms. To create isotropic resolution in the strain measurements, the slice thickness was 7.1 mm and the tags were applied 7.1 mm apart.
1 Figure 1 depicts the relationship between the contraction and the acquisition of the tagging data. Briefly, the first set of tags was applied and imaged after the subject had achieved a steady force level; the second set of tags was applied at the end of the contraction and imaged following relaxation. Tissue displacement during the ramp-down in force was studied, because pilot studies showed that the subjects were able to relax more quickly and reproducibly than they were able to contract and attain a submaximal target force. While hysteresis that affects the area under the stress-strain curve may occur, the total displacement during the force ramp-up and -down phases of isometric contractions differs only in sign (33) .
A total of 12-15 contractions were performed, with displacement encoding and/or slice acquisition in a different direction each time. The laboratory frame of reference is defined, such that, for the right leg of a supine subject, the ϩx direction of the imager points toward the medial aspect of the leg, the ϩy direction points anteriorly, and the ϩz direction points toward the head. In separate axial image acquisitions, displacement encoding occurred in the x, y, and xy directions. Sagittal image acquisitions were used to encode displacement in the z and yz directions. For displacement encoding in the xz direction, coronal image acquisitions were performed. Three separate contractions were required when sagittal and coronal images were acquired, with one slice acquired per contraction. The three slices were sufficient to image the entire region of muscle in line with the aponeurosis (Fig. 2) .
Data Analysis
Force. Unfiltered force data acquired during each contraction ( Fig. 1 ) were analyzed to determine the contraction intensities at which the tags were applied and imaged. Magnetic field gradient switching caused artifacts in the force data, allowing the force during tag application and image acquisition to be determined as the average of the pre-and postartifact forces. The first image following application of the first set of tags was used to reflect the contracted state. The first image acquisition in which the force was within 5% of the postcontraction baseline was used to reflect the relaxed state.
Structural MRI. Image analysis was performed using Matlab version 7.6.0 (Mathworks, Natick, MA). Regions of interest (ROIs) in the superficial and deep compartments of the central TA were defined in axial structural images near the aponeurosis and excluded voxels that contained signals from both compartments, resolved connective tissues, and/or blood vessels. The same ROI was used for DT-MRI and spatial-tagging data analysis. Accounting for slice offsets and thicknesses allowed identification of the corresponding positions in sagittal and coronal images (Fig. 2) .
DT-MRI. The diffusion-weighted images were registered to the b ϭ 0 s/mm 2 image using an affine transformation. The mean signal intensity (SI) in the superficial and deep ROIs was computed in the b ϭ 0 s/mm 2 image and each of the diffusion-weighted images. The diffusion tensor (D) was formed using a weighted least-squares algorithm, as described elsewhere (27) . D was diagonalized, the principal diffusivities were computed as the eigenvalues of D and magnitude-sorted, and the D eigenvector matrix (V) was calculated. V represents the rotation of the muscle fibers from the laboratory frame of reference. The eigenvectors corresponding to the first, second, and third eigenvalues of V are denoted v Spatially tagged MRI. Manual determination of spatial tag location is time-consuming and subjective and may lead to uncertainty if a distinct minimum in SI is not present between neighboring pixels. Therefore, a semiautomated method was developed and used to detect the tag positions. The method was based on fitting the SI data along lines perpendicular to the tags to a polynomial function and using an inflection in the derivative of this polynomial to detect local minima. These procedures are illustrated in Fig. 3 .
The intertag distance (d) was measured between corresponding points on adjacent tags. For tags applied parallel to a cardinal axis of the image, d was measured along the row or column connecting corresponding points. For tags applied obliquely to a cardinal axis of the image, additional processing was required to measure d. A line (a 1st-order polynomial for images acquired during the contraction and a 5th-order polynomial for images acquired during relaxation) was fitted to the detected tag positions and interpolated at an initial density of four points per voxel using low-pass interpolation. The corresponding points between two adjacent lines of tags were identified using a robust point-matching (RPM) algorithm (7) . RPM iteratively identifies the closest point match between two lines and then optimizes the match using a nonrigid transform. The nonrigid transform was constrained, such that corresponding points on the neighboring lines of tags did not Fig. 1 . Force tracing and artifacts from magnetic field gradients during tag application and image acquisition. Image series began with 2 "dummy scans," in which the imaging sequence was run but data were not acquired; the 2nd of these scans is shown. At ϳ5 s into each contraction, spatial tags were applied and a series of 20 images were acquired as the subject maintained a steady force level, representing the position of the muscle during contraction. Each image acquisition required 70 ms, and acquisitions were separated by 0.26 s. At 10 s after the 1st set of tags was applied, a 2nd set of tags was applied. Then the subject relaxed and a 2nd set of 20 images, reflecting deformation of the tibialis anterior (TA) muscle due to relaxation, was acquired. Gray arrows indicate times of tag application; black arrows in middle and right sections of the trace indicate image analyzed for contraction and relaxation, respectively. Gray lines at 45% and 55% maximal voluntary contraction (MVC) indicate range of acceptable contraction intensities for tag application and contraction image acquisition. Gray lines at Ϫ5% and 5% MVC indicate acceptable range of forces for the image analyzed as the relaxation image. Fig. 2 . Axial structural image illustrating locations of sagittal and coronal slices (blue lines) and regions of interest (ROIs, yellow lines). Mean linear strains were calculated for each direction in ROIs and used to form the strain tensor; mean signals in the ROI from each of the diffusion-weighted images and the nondiffusion weighted image were used to calculate the diffusion tensor.
overlap the previous or subsequent pair of corresponding points. A salient advantage of RPM is its superior tolerance to noise and outliers resulting from errors in tag identification. Sample curvematching results are presented in Fig. 4 , A and B.
For each tagging direction, d was calculated using the Pythagorean theorem and plotted; sample results for a sagittal slice are shown in Fig. 4 , C and D. For sagittal and coronal images, the data were also plotted in an axially reformatted image. For each tagging direction, the mean value for d in the ROI was measured and the strain (ε) was calculated as
where the subscripts c and r indicate the contraction and relaxation tag distances, respectively. Defined this way, a negative strain would indicate that the muscle shortened during contraction and elongated during relaxation. For each of the six tagging directions, the mean strain was calculated in the same ROIs that were used to calculate D. These six linear strains were used to create a strain tensor (E), defined as 
E was diagonalized, the principal strains were computed as the eigenvalues of E and magnitude-sorted, and the strain tensor eigenvector matrix (U) was calculated. U represents the rotation of the strain tensor from the laboratory frame of reference. The first and second eigenvalues of E contained one negative and one positive value; the third eigenvalue was always approximately zero (see RESULTS). Since the first eigenvalue was not consistently positive or negative, the largest negative eigenvalue and the largest positive eigenvalue were grouped together for subsequent analysis and are described below as the negative and positive principal strains (ε N and εP, respectively). The eigenvectors corresponding to εN and εP are denoted u 
Statistical Analysis
The accuracy and precision of the tag detection method were measured by constructing a 95% confidence interval (CI) around d c and calculating Fig. 3 . Axial tagged images illustrating the semiautomated tag detection method. Central portion of the TA was defined in sagittal, coronal, and axial tagged images (A) and used to restrict subsequent analyses to this area. The raw signal intensity (SI) along lines perpendicular to the applied tags was measured (B). Raw SI data were passively demeaned (baseline D-C shift was subtracted) and scaled to Ϯ1 (C). The 1st minimum was manually defined as the initial reference point (left arrow in D). Ten local data points along a line perpendicular to the tag were fitted to a 7th-order polynomial. Order of the polynomial was chosen, because a 7th-order polynomial minimized residual errors between the fit and the demeaned and scaled SI data while not producing extraneous minima. The next minimum in SI was identified as the inflection point of the derivative of the fitted SI values (right arrow in D). This pixel index was recorded and defined as the next reference point; locations of subsequent tags in that line were determined in the same manner. Steps described for B-D were repeated for E and F. In E, the 1st minimum was used as the initial reference point. Final tag positions were plotted on the tagged image; any erroneously placed tags were identified by visual inspection and corrected (F). Fig. 4 . Sample curve-matching data during contraction (A) and relaxation (B) and the corresponding distance maps (C and D) . After tags were detected, a 1st-order (contraction images) or 5th-order (relaxation images) polynomial was fitted to the detected tags in neighboring tag lines. A robust point-matching algorithm was used to determine the corresponding points on the lines. Distance between the points was measured using the Pythagorean theorem and mapped for visualization of tag distances (C and D). Contraction distance map (C) was homogeneous, as the applied tag distance was 5.08 pixels (7.1 mm). In the relaxation distance map (D), there is intercompartmental heterogeneity in the detected tag distance, as the muscle nonuniformly deformed during relaxation. These data were combined with those from the other tagging directions by axial reformatting of all data.
the coefficient of variation (CV) of dc, respectively. To test the hypothesis that the principal shortening direction would differ from the fiber direction, a 95% CI was constructed around EϪD. Also the elevation and azimuth angles of v h 1 and u h N were compared using a two-tailed, paired Student's t-test. Two-tailed, paired Student's t-tests were also used to compare the elevation and azimuth angles of v h 2 and u h P . These comparisons were made separately for each muscle compartment. Intercompartmental comparisons of the mean values for the diffusivities, EϪD, εN, and εP were made using two-tailed, paired Student's t-tests. Data are presented as means Ϯ SE. 
RESULTS
Force
The mean MVC force was 467.0 Ϯ 54.0 N. The relative contraction intensity was 49.4 Ϯ 0.6% MVC during the first tag application and 49.5 Ϯ 0.6% MVC during acquisition of the contraction image. The relative contraction intensity was 49.6 Ϯ 0.9% MVC during the second tag application and 0.5 Ϯ 1.1% MVC during acquisition of the relaxation image. The image analyzed as the relaxation image was between the 1st and 7th dynamic image; the tags were detectable through the 10th image of the dynamic image series. Figure 5 shows spatially tagged images acquired during contraction and relaxation and the corresponding structural images. The axial contraction (Fig. 5, A-C) and relaxation (Fig.  5, a-c) images illustrate displacement encoding in the x, xy, and y directions; the corresponding structural image is shown in Fig. 5I . The sagittal images illustrate displacement encoding in the z direction (Fig. 5, D and d) and the yz direction (Fig. 5,  E and e) ; the sagittal structural image is shown in Fig. 5II . Figure 5 , F and f, shows coronal images with displacement encoding in the xz direction; the structural image is shown in Fig. 5III . Figure 6 shows accuracy and precision data for all directions of tag application. Averaged over all directions, the method had a mean tag distance of 5.08 pixels (7.10 mm), corresponding to a relative error of Ͻ0.01% and a CV of 1.4%. For each displacement-encoding direction, the 95% CI of detected tag distances contained the applied tag distance. The average linear strains in the deep and superficial compartments in each displacement-encoding direction are shown in Fig. 7 . Table 1 and illustrated in Fig. 8 .
Spatial-Tagging Data
Diffusion Tensor and Strain Tensor Results
In every subject, the first two principal strains contained one large-magnitude, negative value and one large-magnitude, positive value; the third eigenvalue of E was near zero. Figure 9 shows the three principal strains in the superficial and deep compartments of the TA. ε N and ε P in the deep compartment were greater in magnitude than the corresponding values in the superficial compartment (P ϭ 0.018 and 0.048, respectively).
In both compartments, the direction of ε N was closest to, but deviated from, the fiber direction. In the deep compartment, the mean value of EϪD was 24.0 Ϯ 1.7°; its 95% CI was (19.8 -28.2° ). In the superficial compartment, EϪD was 39.8 Ϯ 6.8°; its 95% CI was (23.1-56.5°). This value is greater than the corresponding value for the deep compartment (P ϭ 0.049). In both compartments, the elevation angle for u Fig. 8 ).
DISCUSSION
This is the first study of which we are aware that has measured the resting architecture and contraction-induced strain patterns in an extremity muscle using methods that have 3D sensitivity and that share an absolute, fixed frame of reference. Below, we will show that the DT-MRI and spatialtagging MRI methods are sufficiently accurate and precise for measuring these elements of muscle structure and function. Then we will argue that the rotation of E from D in the deep compartment of the muscle results from intramuscle heterogeneity in muscle architecture. We also offer tentative explanations for the differences in the strain patterns in the two muscle compartments.
Accuracy and Precision of Architecture and Strain Measurements
We previously used numerical (10) and experimental (21) methods to investigate the noise sensitivity and repeatability of muscle architecture measurements using DT-MRI. For our Fig. 7 . Average linear strains in superficial and deep compartments of the TA for each direction. Error bars indicate SE. Linear strains were highly variable, with qualitative intercompartmental differences in the nature of the strain (shortening or elongation). Fig. 6 . Average detected tag distance in contraction images (n ϭ 7). Horizontal line indicates known tag distance of 5.08 pixels; error bars indicate SE. Over all directions, the tag position detection method had a relative error of 0.5% with a coefficient of variation of 1.4%. Note that n ϭ 6 for z and yz directions because of an error in specifying the tag distance in 1 subject (5.0, rather than 5.08, pixels). Mean relative error and precision were unchanged by exclusion of these data.
fiber-tracking protocols, the within-day 95% CI of pennation angle measurements is Ϯ8° (21) . However, these measurements averaged data from only 5 DT-MRI data points (resulting in less noise reduction than the larger ROI sizes used in the present study) and were based on diffusion measurements in 10 noncollinear directions (rather than the 15 directions used in the present study). Also, pennation angle measurements by DT-MRI-based fiber tracking require digitization and shape modeling of the aponeurosis of fiber insertion, resulting in some error propagation; for the signal-to-noise ratio levels observed in the present study (ϳ80 -100), the variability in fiber orientation measurements due to noise alone is SD Х 8°f or single voxels and SD Х 3°for ROIs (10). Thus we expect the contribution of experimental error to the 95% CI for the fiber orientation measurements made in the present study to be significantly less than the Ϯ8°reported previously (21) . Within each of the TA's compartments, the fiber orientations in the laboratory frame of reference are consistent throughout the muscle (28) . Therefore, we further conclude that the use of a single-slice, compartmental ROI-based approach for measurement of the fiber orientation did not reduce any natural variation in the data, while it increased the accuracy and precision of the fiber orientation estimates.
Regarding the accuracy and precision requirements for the strain measurements, the expected linear strain during submaximal contractions is 4 -5% along the aponeurosis and ϳ1.5% in the external tendon (16, 34) . The expected strains are higher in the muscle proper (ϳ50%) than for the aponeurosis and tendon but vary along muscle fascicles (43, 55) . These small strains in the connective tissues and the spatial variability in strain in the muscular tissue create the need for high accuracy and precision in linear strain measurements. When using multiple measurements to assess 3D strain, error propagation should also be considered. Other potential sources of All angles are given in degrees. Superscripts denote levels of statistical significance. Figure 8 error are motion during the image acquisition period and losses of natural variability in strain patterns due to averaging of the data from the entire ROI.
First, we note that the tag distances measured by the semiautomated detection method did not differ significantly from their known values and had a mean CV of 1.4% (Fig. 6) ; error propagation suggests that the contribution of tag detection error to total CV in E is 3.5% of the mean values for the principal strains (25-40%). Therefore, our method provided accurate and precise measurements of E. Regarding the possibility of motion during the image acquisition period, we note first that the image acquisition time for these single-shot images was only 70 ms. Also, objective criteria were established to ensure that the images that were analyzed were acquired while the muscle was stationary. Finally, single-shot imaging allowed us to collect all the necessary data over 12-15 contractions per subject, rather than the hundreds that would have been required with multishot approaches. As a result, the variability in contraction intensity at the time of tag application and in the contraction and relaxation images was very low, with 95% CIs of less than Ϯ3% of the MVC force. We did not deem it necessary to analyze a second image in each state (contracted or relaxed) because of the high accuracy and precision levels already observed and because the recovery of longitudinal magnetization as the dynamic image series continues progressively reduces the contrast between tagged and untagged structures, making tag detection less precise. Nor did we deem it necessary to analyze all the adjacent tags, as an analysis of variance performed on adjacent intertag distances in the z direction yielded no significant differences between the neighboring intertag distances and d in the contracted and relaxed states (P ϭ 0.86 and 0.82 for superficial and deep compartments, respectively). Finally, the ROI-based approach employed in the calculation of strain likely served to decrease noise effects in a manner similar to the analysis of the DT-MRI data. The ROI approach is justified, because the ROIs were specified very close to the aponeurosis in a 7.1-mm-thick slice, meaning that they were unlikely to have been influenced by along-fascicle (43) or along-aponeurosis (16, 38, 43, 55) spatial heterogeneity in strain.
Relationship of Strain Patterns to Muscle Fiber Architecture
We begin by noting some general features of the 3D strain patterns. First, for some of the linear strain directions, there was considerable variability in the magnitude and even the nature (shortening or elongation) of the strain between subjects. However, formation and diagonalization of a 3D strain tensor revealed a consistent, planar pattern of strain development characterized by one shortening direction and one elongation direction [an elongation direction being a consequence of nearly complete volume preservation during contraction (3) and similar to a recent finding based on multiplanar ultrasound imaging (30) ]. Also it is likely that there are active and passive components to the fibers' motion during a submaximal muscle contraction, as only a subset of the TA's motor units are recruited during submaximal contractions (9), motor units' fibers are distributed throughout the muscle (5), and fibers are linked by a shared intramuscular connective tissue network (45) that would tend to couple the motion of adjacent fiber and cause these active and passive components to be similar in magnitude and direction.
The high strains that we observed were similar in magnitude to those previously observed for contracting muscle (30, 43, 55) and were larger in magnitude in the deep compartment than in the superficial compartment. One possible explanation for the intercompartmental differences in ε N and ε P relates to the structural properties of the components of the deep and superficial compartments of the TA. Because the pennation angles and fascicle lengths of the two compartments are similar (21, 23, 28, 32) and both sets of fibers share a common aponeurosis and tendon of insertion, these architectural features are unlikely to explain the differences in strain patterns between the compartments. However, the material properties of the tissues of fiber origin differ. The superficial compartment muscle fibers originate from a more compliant structure [the crural fascia, with an elastic modulus of ϳ280 MPa (48)] than the deep compartment fibers [the tibia, with an elastic modulus of ϳ18 GPa (36)]. During contraction, the compliant crural fascia may permit the superficial compartment and central aponeurosis to be displaced medially toward the noncompliant tibia, leading to higher-magnitude strains in the deep compartment and intercompartmental differences in the signs of ε xz and ε yz (Fig. 7) . An alternative or additional explanation lies in the separate neural control that exists over the compartments of the TA (49); this explanation has been posited to lead to different levels of neural activation in the two compartments during submaximal contractions (1). These proposed explanations are not mutually exclusive and are amenable to testing using models that account for differences in material properties of the tissue of fiber origin and activation levels. In either case, a consequence of the differences in strain magnitude would be the development of shear strain within the aponeurosis itself.
Regarding the strain directions, a consistent and important finding was that u the fiber orientation; this indicates the presence of shear strain in the muscle tissue. We consider first the possibility that this misalignment resulted from the fact that DT-MRI data were acquired from relaxed muscle, while the strain data reflect the deformation that occurs during the transition to and from the contracted state. It is well known that resting and contracting muscle architecture differs; for example, Maganaris and Baltzopoulos (32) found that, during MVC, the mean pennation angle increased from 11°to 20°in the deep compartment and from 14°to 19°in the superficial compartment of the TA. It is therefore conceivable that u h N would be collinear with v h 1 in the contracted state and that the misalignment was due only to the change in fiber orientation. However, the subjects in our study performed a 50% MVC; by linear interpolation, a 3-5°change in pennation angle would be expected. As this change in pennation angle is much less than EϪD (24 -40°) (55) reached a similar conclusion after observing that, during minimally loaded shortening contractions, the direction of the principal shortening is noncollinear to the longitudinal axis of the biceps brachii muscle (the presumptive fiber direction). The present results confirm and extend these observations by also elucidating the nature of the rotation of E from D for the deep compartment: the azimuth angles of the eigenvectors were aligned, but the elevation angles were not (Fig. 8, Table 1 ).
One possible explanation for the role of architectural heterogeneity in causing the misalignment of u h N and v h 1 is as follows. Let us assume a population of different-length fibers that undergo the same relative shortening. The result will be spatial variability in the absolute length change of the fibers and, thus, a deviation of the direction of the ensemble-averaged strain away from the fiber direction and toward the longest fibers (inferiorly, in the case of the TA). This would be permitted to occur by the interfiber connections formed by the intramuscular connective tissue network (45) . Similarly, heterogeneity in pennation angle would cause forces to be applied to the aponeurosis with spatially varying orientations with respect to the local tangent to the aponeurosis; this would cause spatially variable aponeurosis motion.
In addition to the nearest alignment of u (Table 1, Fig. 8) , and the different behaviors of the second and third eigenvalues of D during muscle elongation (18) and muscle damage (19) collectively argue that there may be distinct structural bases for the second and third eigenvalues of D (and their eigenvectors) in skeletal muscle as well. While several models have been proposed (17, 25) , this structural basis has yet to be definitively identified experimentally. Therefore, while there is a clear relationship between the orientations of u h P and v h 2 , suggesting that some higher-order aspect of muscle architecture may determine the direction of principal elongation, the details of why this relationship exists are unclear and merit additional study.
Perspectives and Significance
The principal contribution of this work is the quantitative characterization of the relationship between the magnitude and direction of negative and positive strains and the underlying muscle architecture during isometric contraction in vivo. Muscles affected by diseases such as Duchenne muscular dystrophy experience architectural disruption due to fat infiltration and muscle fiber degeneration and regeneration processes and may have decreased lateral force transmission because of the mutation or absence of dystroglycan complex proteins. These disruptions to muscle architecture and force transmission, together with the strong relationship between strain development and architecture observed in the present study, suggest that architectural derangement may be in part responsible for decreased stress development during isometric twitch and tetanic (39) contractions observed in dystrophic skeletal muscle and the decreased strain development observed in dystrophic cardiac muscle (29) .
